Recombinant cDNA libraries to poly(A)RNA isolated from mature pollen of Zea mays and Tradescantia paludosa have been constructed. Northern blot analyses indicate that several of the clones are unique to pollen and are not expressed in vegetative tissues. The majority, however, are expressed both in pollen and vegetative tissues. Southern hybridizations show that the pollen specific sequences in corn are present in one or a very few copies in the genome. By using several of the clones as probes, it was found that there are at least two different groups of mRNAs with respect to their synthesis. The mRNAs of the first group represented by the pollen specific clones are synthesized after microspore mitosis and increase in concentration up to maturity. The second group, exemplified by actin mRNA, begins to accumulate soon after meiosis, reaches its maximum by late pollen interphase, and decreases thereafter. Although the actin mRNA and the pollen specific mRNAs studied show very different patterns of initiation of synthesis and accumulation during pollen development, the rates of decline of these mRNAs during the first 60 minutes of germination and pollen tube growth in Tradescantia are similar and reflect the previously observed declines in rates of protein synthesis during this period.
The pollen grains of Tradescantia paludosa (16) , corn (17) , and tobacco (30) contain a store of presynthesized messenger RNAs (mRNAs) at the time of their release from the anther. These mRNAs have been shown to code in cell-free translation systems for proteins that are similar to the proteins synthesized during pollen germination and tube growth (9, 17) . In several pollens that have been studied these presynthesized mRNAs appear to have functions during germination and early pollen tube growth ( 14) .
Analyses have been carried out on the kinetics ofhybridization (RNA cot analysis) of radioactively labeled complementary DNAs (cDNAs) made to poly(A)RNA from mature Tradescantia pollen and hybridized to unlabeled poly(A)RNA in excess, from pollen (31) . These studies have shown that the mRNAs present in the mature pollen grain are the products of approximately 20 ,000 different genes. In contrast, the mRNAs present in vegetative shoots are the products of about 30 ,000 different genes.
The pollen-contained sequences shown that a large fraction (>64%) of the genes expressed in pollen are also expressed in vegetative tissues, whereas no more than 60% of the genes expressed in shoots are similar to those expressed in pollen (31) . Similar hybridizations have been carried out with RNA from corn pollen and the results are similar to those obtained with Tradescantia (RP Willing, JP Mascarenhas, unpublished data). To further our knowledge of pollen development it is essential that the genes that are expressed in pollen, especially those unique to pollen, be isolated and characterized in some detail in order to understand their developmentally specific regulation and functions. We report here the construction of two cDNA libraries made to pollen mRNAs from Tradescantia and corn, and the utilization of some of the clones to answer questions about the nature of the pollen expressed genes and their transcription during pollen development and tube growth.
MATERIALS AND METHODS
Plant Material. Tradescantia paludosa L. plants were grown in the greenhouse and pollen was collected and stored as previously described (15) . Corn (Zea mays L.) pollen was collected from field grown plants of the cultivar 'Gold Cup' (Harris Seeds, Rochester, NY). Pollen was quick frozen in liquid N2 and stored at -70°C. For later experiments the inbred line of corn W-22 (Illinois Foundation Seeds) was used. Various vegetative and reproductive tissues from Tradescantia and corn plants or seedlings were collected. These were immediately frozen in liquid N2 and stored at -70°C until used for RNA isolation.
Isolation of RNA. Total RNA was isolated from mature pollen and from roots, shoots, and other portions of the plant as described earlier (17, 31) . Poly(A)RNA was isolated from total RNA utilizing oligo(dT) cellulose as described (9) , and the RNA stored in 70% ethanol at -20°C.
Isolation thousand clones initially selected on the basis of colony hybridizations (13) to 32P-labeled cDNAs made to poly(A)RNA from pollen. The same colony filters were stripped of probe and hybridized to 32P-labeled cDNA made to poly(A)RNA from vegetative tissues to initially screen for pollen specificity.
Isolation of Plasmids. Small scale plasmid isolation was done by the procedure of Holmes and Quigley (1 1). Large amounts of plasmid DNA were prepared after amplification in M-9 medium (6, 13) and purification of plasmid DNA by cesium chlorideethidium bromide centrifugation (8) . Radioactive DNA probes for hybridization were prepared by nick translation as described by Maniatis et al. (13) , using the buffer system of Bingham and Judd (2) Denhardt's solution. The prehybridization solution was replaced with an identical solution containing 3-5 x 101 cpm/ml (approximately 10 ng/ml) of 32P-labeled denatured probe DNA and 10% (w/v) dextran sulfate. Hybridization was for 24 h at 65C. The filters were then washed in four changes of 30 min each in 2x SET followed by one wash in 0.5x SET, 0.25% SDS for 3 to 4 h at 65C. The filters were exposed to Kodak XAR-5 film with an intensifying screen at -70C. The dot blot analyses were carried out by the procedure of Cheley and Anderson (5) . With the soybean actin plasmid pSAc3, hybridizations were carried out in 6x SET at 60C. The filters were washed in 8x SET, 7x SET and finally in 6x SET at 60°C. The Gene Screen filters were stripped ofprobe for rehybridization as described in the supplier's manual.
Southern Hybridizations. Total DNA (3), isolated from nuclear enriched preparations of maize (W22) embryos dissected from seeds was digested with different restriction endonucleases and electrophoretically separated in a 0.7% agarose gel in a PE running buffer system (7). The DNA was then transferred to Gene Screen Plus and hybridized according to the supplier's instructions (New England Nuclear). (Fig. 2) . The clone pZmc26 from corn which hybridizes to a mRNA of 1600 nt, is also pollen specific (Fig. 2) . The colony hybridizations indicate that about 20% ofthe T. paludosa clones and about 10% ofthe corn clones are pollen specific. Most of the clones in the two libraries however, are expressed both in pollen and in vegetative tissues. Examples of such clones are pZmc46 and pTpc46 (Fig. 3) . The clones that are expressed in both pollen and vegetative tissues are not necessarily expressed to the same extent in the different tissues. For example, pZmc46 is expressed more abundantly in roots and silks than it is in pollen or shoots, whereas, pTpc46 is expressed most abundantly in pollen, to a lesser extent in shoots, and to a very low extent, if any, in roots (Fig. 3) .
The clones represent cDNA copies of mRNAs as shown by hybrid selection of mRNAs and cell free translation. As an 0 w example, clone pTpc44 hybrid selects for a mRNA from pollen that codes for a protein of 37kD (Fig. 4) .
Are the Genes Expressed in Pollen, Members of large or Small Families? To determine if the genes expressed in corn pollen are present in the genome as members of large families of genes or, as single or a very few genes, Southern hybridizations were carried out to restriction endonuclease digested nuclear DNA. The results with two clones pZmcl 3 and pZmc26, which are both pollen specific, indicate that the pollen specific genes are present in one or a very few copies in the genome (Figs. 5  and 6 ). The clone pZmc26 hybridizes to four bands with EcoRl digested DNA (Fig. 6) Figure 7 . There is at present no information concerning the stage of pollen development during which the synthesis is initiated of the mRNAs found in the mature pollen grain. Neither is there any information about the pattern of their accumulation during microsporogenesis. To answer these questions two pollen specific clones (pTpc44 and pTpc7O) from Tradescantia were used as probes in Northern blot hybridizations to RNA isolated from microspores and pollen at various stages of development beginning with tetrads formed soon after meiosis. Large numbers of pollen grains had to be isolated at each of several developmental stages to obtain sufficient RNA for the Northern analyses. This was accomplished by procedures described in the "Materials and Methods" section. The clones pTpc44 and pTpc7O hybridize to mRNAs of 2000 and 620 nt, respectively, from pollen. The nitrocellulose membrane containing the electrophoretically separated RNAs from the different pollen stages was hybridized simultaneously to both the probes (Fig. 8) . The mRNAs complementary to both the pollen specific probes are first detectable after microspore mitosis during early pollen interphase, and they continue to accumulate thereafter, reaching a maximum concentration in the mature pollen grain. The The Gene Screen membrane used in Figure 8 was stripped off the two probes pTpc44 and pTpc7O and then hybridized to pSAc3 under reduced conditions of stringency as described under "Materials and Methods." See Figure 8 for legends to the lanes. Last lane, pBR322 cleaved size markers.
was then stripped of the two probes, pTpc44 and pTpc7O, and rehybridized to an actin probe at a lower stringency. The plasmid pSAc3 is a soybean genomic actin clone (24, T. paludosa pollen. In contrast to the pollen-specific mRNAs, actin mRNA is first seen during microspore interphase prior to microspore mitosis (Fig. 9) . It accumulates thereafter, reaching a maximum at late pollen interphase and shows a substantial decrease in the mature pollen grain.
A similar pattern of accumulation of mRNAs has been found for several other pollen expressed clones from T. paludosa (data not presented) and also from corn (Fig. 10) .
Fate of mRNAs during Pollen Germination. The mature pollen grain of T. paludosa contains approximately 6 x 106 molecules of poly(A)RNA. Within the first 30 min of germination and pollen tube growth in culture there is an almost 50% decrease in poly(A) content of the tube. This decrease continues at a lower rate during the subsequent 30 min of culture (16) . It was of interest to determine whether the reduction in the levels of poly(A) during pollen germination and early tube growth represented a degradation of only the poly(A) tail of the mRNA or whether it reflected the turnover ofentire mRNA molecules. The changes in specific mRNA levels during in vitro pollen germination and tube growth were determined for the actin mRNA and the two pollen specific mRNAs complementary to the probes pTpc44 and pTpc7O. When pollen is placed in a growth medium germination occurs within less than 10 min. There is a dramatic decline in the level of actin mRNA after the first 30 min oftube growth (Fig. 11) . The decline in the mRNA level continues during the subsequent 30 min period. The mRNAs complementary to the plasmids pTpc44 and pTpc70 show the same pattern of change during germination and pollen tube growth as the actin mRNA (Figs. 12 and 13) Nucleic acid solution hybridizations indicate that greater than 64% of the mRNAs in pollen are also found in vegetative tissues, i.e. less than 36% are pollen specific (31) . The lower estimate with colony hybridizations could be because the cloning procedure probably selected for more abundant mRNAs and it is possible that the pollen specific sequences might constitute a larger fraction of the rarer mRNAs. Extensive overlap of sporophytic and gametophytic gene expression was also found by Tanksley et al. (28) in tomato based on isozyme profiles, with as many as 95% of the pollen isozymes also found in one or more of the several vegetative tissues studied. A similar study in corn has shown that about 72% of the isozymes are expressed both in pollen and the sporophyte, whereas only about 6% of the isozymes studied were pollen specific (22) .
The Northern analyses showing that the pollen specific sequences are first detectable after microspore mitosis provide direct evidence for the haploid transcription of these mRNAs which was inferred earlier from evidence of genetic segregation of specific enzyme activity in mature pollen grains (18, 20, 23 (27) , and that of ,B-galactosidase in Brassica campestris (26) , are what would be expected if their mRNAs were synthesized in a manner similar to that of the actin mRNA seen in Tradescantia.
Although the actin mRNA and the pollen specific mRNAs represented by the clones pTpc44 and pTpc7O show quite different patterns of initiation and accumulation during pollen development, the rates of decline of these mRNAs during the first 60 min of germination and pollen tube growth are very similar. The proteins synthesized during pollen tube growth on preexisting and newly synthesized mRNAs appear to be the same (16 We are currently isolating genomic clones specific to pollen with the aim of characterizing these genes and understanding their male gametophyte specific expression.
